Littorina subrotundata from wave-exposed rocky shores di¡er consistently in shell and radula morphology from those found in wave-protected salt-marshes. To determine if the two morphological forms of this gastropod represent separate species, clades, or ecotypes, DNA sequencing and single-stranded conformational polymorphism (SSCP) analysis were used to assay variation in a 480 bp fragment of the mitochondrial cytochrome-b gene. Several nested analyses of molecular variance (AMOVA) were then performed to test if grouping populations by geographical region or habitat type better explained the distribution of cytochromeb haplotypes among some northeastern Paci¢c populations. The analysis by geographic region resulted in a signi¢cant variance component that explained 53% of the variance, whereas the analysis by habitat type was not signi¢cant. These results, along with previous studies showing that the di¡erences in shell morphology among di¡erent forms have a heritable component, suggest that the two forms are ecotypes and not separate species or clades as had been previously proposed. These results also imply that each ecotype has evolved independently in each geographic area and that the morphological similarity of individuals from the same habitat type is most likely the result of parallel evolution.
INTRODUCTION
Individuals of a species collected from the same habitat type in di¡erent geographic regions often have phenotypes that are more similar than those collected from a di¡erent habitat within the same geographic region. This parallel expression of phenotypic ecological traits has most often been interpreted as an example of parallel evolution (Lavin & McPhail 1992; Meyer 1994; Bernatchez et al. 1996; Taylor et al. 1996) resulting from populations' responses to localized selection in the face of similar ecological opportunities (Schluter & Nagel 1995; Futuyma 1986 ). The same ecotype (sensu Futuyma 1986 ) could thus arise independently in di¡erent geographical regions as a result of these similar selective pressures.
The ease and speed with which high resolution molecular data can now be obtained has allowed for the identi¢cation of cases of parallel evolution which would not have been revealed from morphological and behavioural studies. Parallel evolution can be recognized by using neutral molecular markers to estimate the phylogenetic position of populations consisting of each morphological form. If each morphological form shows a polyphyletic origin then the forms have evolved independently in di¡erent geographic regions by parallel evolution. In contrast, if each form shows a monophyletic origin then the form from each habitat type consists of a separate clade.
The best-studied cases of parallel evolution involve sympatric ecotypic polymorphisms in temperate freshwater ¢shes (e.g. Meyer 1994; Taylor et al. 1996) . For example, lake white¢sh (Coregonus clupeaformis) have a bottom-feeding form and a plankton-feeding form, and both forms can be present in the same lake. This raises the question of whether all the bottom-feeding ecotypes are a monophyletic group, as suggested by earlier molecular work using restriction fragment length polymorphism (RFLP) of the entire mitochondrial molecule (Bernatchez & Dodson 1990 ). More recent work using both RFLP and allozyme analysis on white¢sh from some Yukon lakes has shown that neither the bottom-feeding ecotypes nor the plankton-feeding ecotypes are monophyletic (Bernatchez et al. 1996) . In some lakes the bottom-feeding ecotype was from a di¡erent evolutionary lineage than the plankton-feeding ecotype and their present occurrence in the same lake is best explained as secondary contact between the two lineages. In other lakes, however, both the bottom-feeding and the planktonfeeding ecotypes were from the same evolutionary lineage and could have become genetically di¡erentiated within the lake (Bernatchez et al. 1996) . The suggestion that similar ecological opportunities in lakes independently result in the same ecotype changes the way we think of speciation, yet examples from systems other than ¢sh are needed before we can assess how common this type of parallel evolution is.
Gastropods of the genus Littorina provide a well-studied system with which to address broad questions concerning the forces which result in evolutionary divergence at the population level. This group of gastropods contains species with direct-development that show a considerable diversity of morphological forms associated with particular habitat types as well as species with planktonic-development that do not (reviewed by Reid 1996) . The phylogeny of the genus Littorina has been estimated using mtDNA sequence polymorphisms (Rumbak et al. 1994; Reid et al. 1996) but as yet, no population studies have been done.
Littorina subrotundata (Carpenter 1864) is a direct-developing species from the north-eastern Paci¢c, with distinct morphological forms (Reid 1996) which could represent either separate clades or separate ecotypes. The saltmarsh form is typically so small, thin-shelled and highspired, and distinctively coloured that it was ¢rst placed in another genus. The wave-exposed or barnacle form is also small, has a moderately thin shell with a low spire, and a large, circular aperture, often black or yellowish with white stripes in colour which is most often found on very wave-exposed shores (Reid 1996) . In the northeastern Paci¢c, L. subrotundata is rare except in very waveexposed habitats and salt-marsh habitats because predation by shell-crushing predators such as crabs and competition from a thicker-shelled species, L. sitkana, exclude it from moderately wave-exposed habitats. However, on the Aleutian Islands, where predatory crabs are uncommon, there is also a moderately wave-exposed form with a moderately thick shell and a moderately high spire (Reid 1996) . Reid (1996) proposed that all three of these forms are conspeci¢c because of the similar morphology of their pallial oviducts (Reid & Golikov 1991; Reid 1996) . Contrary to this, suggested that the wave-exposed form and the salt-marsh form might be a separate species because they were almost ¢xed for di¡erent alleles at one allozyme locus and because there were heritable di¡erences in shell morphology and in shell and body pigmentation. In addition, the radula of the wave-exposed form usually has pointed cusps, whereas the radula of the salt-marsh form usually has blunt cusps (Reid 1996; D. Dittman, personal communication) . It is clear that work with high resolution molecular markers is needed to test whether these di¡erent forms represent separate clades, di¡erent ecotypes, or di¡erent species. Resolution of the systematics of these littorinids has important applications. The salt-marsh form could represent an endangered species, because the salt-marshes in California are being destroyed (Keen 1970) .
In this study DNA sequencing and single-stranded conformational polymorphism (SSCP) analysis of a 480 bp fragment of the mitochondrial cytochrome-b gene was used to test the hypothesis that populations from the same habitat share a common ancestor more recently than populations from the same geographic area. Geographically separated populations of L. subrotundata from waveprotected salt-marsh habitats were compared with those from very wave-exposed habitats. We also sampled populations from moderately wave-exposed habitats in the Aleutian Islands to see if they were conspeci¢c with the other two forms.
MATERIALS AND METHODS

(a) Study sites and specimens
Samples were collected along northeastern Paci¢c shores from Oregon to the Aleutian Islands (table 2). The sites were chosen in an attempt to sample salt-marsh and wave-exposed shore populations in as close a proximity to each other as possible, however few salt-marsh populations are known from some regions. All samples were kept alive until they could be frozen at 792 8C .
(b) DNA extraction
Approximately 5^10 mg of thawed tissue was taken from the visceral mass of each snail and added to a 1.6 ml microcentrifuge tube containing 336 ml of distilled water, 20 ml of 20 Â SSC, 44 ml of SDS (10%), and 0.2 mg of Protease K (Sigma). The samples were incubated for 16^20 h at 37 8C. A methylene chloride/isoamyl alcohol (MCIA) extraction protocol was then used (modi¢ed from M. Krause, unpublished data): 130 ml of 5 M of NaCl and 44 ml of MCIA were added to each sample, which was then shaken and left on ice for 1^2 h. Following the removal of the proteins, the samples were centrifuged (at 4 8C) at 2000 g for 5 min and then at 6000 g for 10 min. The supernatant was removed and placed in another tube containing 440 ml of MCIA. The sample was then centrifuged at 6000 g for 5 min. Again the supernatant was removed and placed in a tube containing two volumes of 100% ethanol. The DNA was left to precipitate for a minimum of 3 h at 720 8C. The DNA was then pelleted at 10 000 g for 30 min. The pellets of DNA were washed with ample 70% ethanol, dried, and then redissolved in 50 ml of water. The template solution was diluted 1: 50 for polymerase chain reaction purposes and stored at 792 8C.
(c) PCR reaction and SSCP
Sequence variation in a 480 bp fragment of the cytochrome-b gene was detected using a SSCP protocol (Orita et al. 1989; J. Chen, personal communication) . One microlitre of diluted (1: 50) DNA template was added to a 20 ml reaction containing: 16.4 ml of distilled water, 2.0 ml of 10 Â PCR reaction bu¡er (Boehringer Mannheim), which provided a ¢nal MgCl 2 concentration of 1.5 mM, 0.2 ml of a mix of 1mM of dTTP, dCTP, dGTP, and 0.4 mM of dATP (Pharmacia), 0.1 ml (0.125 units) of Taq polymerase (Boehringer Mannheim), 0.15 ml of each of the forward and reverse primers (see below) for the cytochrome-b gene (20 mM), and 0.08 ml of redivue a-5 S dATP with an activity of 9.25 mCi mmol 71 (Amersham). Thirty-two cycles of PCR ampli¢cation was carried out in a Perkin-Elmer 4800 thermocycler with three steps: 95 8C for 30 s, 44 8C for 30 s, 72 8C for 30 s.
For maximum e¤ciency (SSCP is most e¤cient at picking up single base changes in DNA strands of between 200^300 nucleotides, J. Chen, personal communication) two gene fragments totalling 480 bp of the cytochrome-b gene were used. Internal primers were created using several littorinid gastropod sequences in an attempt to design primers conserved between most littorinid species. The ¢rst fragment, using Cyt-b (EGB-F) CCTTCCCGCACCTTCAAATCTTTC and Cyt-b (CJK-R) GTGTGTTGATTTTGATAAGAGCC, gave a 250 bp fragment. The second fragment, using Cyt-b (EGB-R) GCAAAGAAGCGAGTGAGGGTAGC and Cyt-b (CJK-F) TTTCATATTGGCCGAGGTATATA, gave a 230 bp fragment.
Before the PCR product was run on the SSCP gels it was denatured by adding 5 ml of it to a tube containing 2 ml of Pharmacia STOP solution (containing 95% formamide), and then heating the tubes to 85 8C for 3 min before placing them onto ice. The denatured samples were then run on a 0.4 mm thick 6% acrylamide : bisacrylamide (37.5 : 1) gel in a 0.5 Â TBE bu¡er containing 5% glycerol on an S2 sequencing gel apparatus (Gibco-BRL) at 8 W for 17^19 h.
Whenever variants from known haplotypes were visualized on a SSCP gel, they were sequenced with an ABI PRISM 377 DNA sequencer using the ABI PRISM dye terminator cycle sequencing ready reaction kit (with AmpliTaq DNA Polymerase, FS) following the manufacturer's instructions. The samples to be sequenced were PCR ampli¢ed in 50 ml reactions and run out on a 1% agarose gel. The band of interest was then cut out and gel puri¢ed using a Pharmacia sephaglass kit. The sequences were analysed using the program ESEE (Cabot & Beckenbach 1989) . All the DNA sequences are available on GenBank (accession numbers AF023603^AF023610).
(e) Data analysis
The variance components of nucleotide diversity within and among populations were calculated using the computer program AMOVA v. 1.55 (Exco¤er et al. 1992) . AMOVA calculates the standard variance components at three hierarchical levels of population subdivision: among regions, among populations within regions, and within populations. The program calculates 0-statistics which are analogous to F statistics then tests the signi¢cance of the observed variance components and the 0-statistics using a random permutation procedure. The parameters estimated include: 0 ct , which is the correlation of random pairs of haplotypes sampled from within a region relative to the correlation of random pairs sampled from the entire species; 0 sc , the correlation within populations relative to that within that region; and 0 st , the correlation within populations relative to that for the entire species. We used the absolute number of base pair transitions and transversions between haplotypes as the squared Euclidean distances. Two di¡erent AMOVA analyses were carried out: (i) populations were grouped by habitat type as either wave-exposed or salt-marsh, and (ii) populations were grouped into three geographic regions: British Columbia, Washington, and Oregon.
A maximum likelihood analysis of the actual DNA sequences of the cytochrome-b fragment was used to construct a phylogeny of the eight haplotypes that we found. We chose to use this character-state method because maximum parsimony methods only use a fraction of the available data (Li 1997) . To estimate the variance in tree topology we bootstrapped the data using programs SEQBOOT, DNAML, CONSENSE, in the software package PHYLIP (v. 3.57c Felsenstein 1991) . Default options were used in all three programs with the exception of DNAML where the`analyse multiple data sets' option was used.
RESULTS
(a) Cytochrome-b gene fragment sequence
The SSCP analysis of the 480 bp mtDNA gene fragment of Cyt-b revealed eight haplotypes among the 232 individuals analysed (table 1) . Haplotypes B, C, and D di¡ered from haplotype A by single nucleotide substitutions, but haplotypes E, F, G, and H di¡ered from haplotype A by 11, 10, 9, and 2 nucleotide substitutions, respectively. The Aleutian haplotype G di¡ered from haplotypes E and F by 2 and 1bp substitutions, respectively (table 1) .
Only haplotypes A, B, C, and D were found in the populations from British Columbia, Washington State, and Oregon (table 2) . Haplotypes A, B, E, F, G, and H were found at West Murder Point in the Aleutian Islands. Haplotype B was nearly ubiquitous, found in all populations except the salt marsh at Grappler Inlet, BC and the wave-exposed shore population at Nudibranch Point, BC, both of which were ¢xed for haplotype A.
When the populations were grouped by geographic area, haplotype A predominated in British Columbia, and haplotype B predominated in all the other geographic regions (table 2) . When the populations were grouped by habitat, haplotype B had the highest frequency in the salt marshes whereas haplotype A had the highest frequency on the wave-exposed shores. However, this may re£ect changes in allele frequency with geography because four of the six wave-exposed populations were from BC and only one of the four salt-marsh populations was from BC (table 2).
(b) Salt-marsh versus wave-exposed habitats
The among regions variance component was found to be highly signi¢cant when the populations were grouped by geographic area but not signi¢cant when the populations were grouped by habitat (table 3) .
The maximum likelihood analysis revealed two clades of haplotypes that were supported by the bootstrap analysis: A, B, C, D, and H as one clade and E, F, and G as the clade with the haplotypes in the second clade found only in the Aleutians (¢gure 1). The average sequence divergence between the two clades was 1.9%.
DISCUSSION
The molecular results allow us to reject the hypothesis that populations from the same habitat share a common ancestor Molecular evidence for parallel evolution C. J. Kyle and E. G. 
a Amino acid substitution from asparagine to serine; all other substitutions are silent.
more recently than those from the same geographical area. Proportionately more of the variance was explained when the populations were grouped by geographic region than when they were grouped by habitat. This supports the hypothesis that the exposed-shore ecotype and the saltmarsh ecotype are polyphyletic and have evolved independently in di¡erent geographic areas. Another direct developing littorinid, L. saxatilis, from the northeastern Atlantic, also has di¡erent morphological forms that are characteristic of salt marshes and of waveexposed shores, respectively. The salt-marsh form was originally called`L. tenebrosa' (Fretter & Graham 1980); however, Janson & Ward (1985) found a high degree of genetic similarity among the two forms with allozyme analyses which resulted in`L. tenebrosa' being synonymized with L. saxatilis. L. saxatilis also has two morphological types in the high and lower intertidal regions. Johannesson et al. (1993) used allozymes to assess the level of gene £ow between the two morphs and found that the level of gene £ow was greater between di¡erent, yet adjacent forms 306 C. J. Kyle and E. G. Boulding Molecular evidence for parallel evolution Proc. R. Soc. Lond. B (1998) 
where a is the di¡erence in latitude of the two sites in degrees and tenth of degrees and b is di¡erence in longitude. than between similar, but geographically separated forms. The molecular data shows that the morphological similarity among ecotypes of L. subrotundata from the same habitat is not due to common phylogeny, but leaves open the possibility that it is due to parallel evolution. For the morphological similarity to result from convergent evolution two things must be true: (i) the selective pressures in a particular habitat type must be similar in di¡erent geographical areas, and (ii) the trait must be heritable. Previous work suggests that size and shell morphology of intertidal gastropods from a particular habitat type can be similar throughout the world (Boulding 1990; Reid 1993; Reid 1996) implying that the selective pressures are similar. Few direct ¢eld measurements of selection are available, however, several researchers have shown that there is selection against thin-shelled gastropods in wave-protected habitats because of high mortality from shell-crushing predators (Janson 1982; Boulding et al., unpublished data) . There is also evidence that some of the di¡erences in shell morphology between the di¡erent ecotypes of littorinid gastropods have a genetic component. Shell and aperture shape traits of L. subrotundata from a wave-exposed barnacle habitat showed considerable plasticity with growth rate, but had a signi¢cant heritability (Boulding & Hay 1993) . When L. subrotundata from wave-exposed barnacle habitats were raised for one generation in the same environment as L. subrotundata from moderately wave-exposed habitats in the Aleutians the di¡erences in shell shape, shell colour, and body pigmentation persisted . Heritable di¡erences have also been found in L. saxatilis which continued to show di¡erences in shell thickness, spire height, and behaviour between a mud-£at form and a wave-exposed shore form after one generation in the laboratory (Johannesson & Johannesson 1996) . Di¡er-ences in shell morphology have also been found using multivariate morphometrics between high and mid-shore forms of L. saxatilis from the same shore (Hull et al. 1996) .
Two well separated clades of haplotypes were found in this study and both clades were present in morphologically identical gastropods from the Aleutian sampling sites. The rare haplotypes E, F, and G found only in the Aleutian sampling sites are considerably divergent (by 1.9%) from the more common southern haplotypes (from six to eight transitions and two transversions from haplotype A) but not as divergent as haplotypes we have sequenced from L. sitkana (by 9%). There are two hypotheses that can explain the presence of these diverged haplotypes in the Aleutian populations. The ¢rst is that the ¢ve snails from the Aleutian populations that had haplotypes E, F, and G are a members of a cryptic sibling species that is identical in external morphology to the Aleutian form of L. subrotundata. The second is that some of the ancestors of these L. subrotundata populations spent the last glaciation at least two refugia. We believe these data support the second hypothesis and therefore agree with Reid (Reid & Golikov 1991; Reid 1996) that all the forms of L. subrotundata represent a single species. The divergence we observed is less than that found in a world survey of threespine stickleback, Gasterosteus aculeatus, populations using a 747 bp fragment of the mitochondrial cytochrome-b gene where two major clades were found with about 3% sequence divergence between them (Orti et al. 1993) . This large divergence of mitochondrial haplotypes within a species illustrates the inherent problems in trying to estimate a phylogeny of closely related species using sequence data from only a few individuals. 
